Abstract Increased glomerular capillary hydrostatic pressure (PGC) is an important hemodynamic determinant of glomerular injury, but the molecular events responsible for this association are poorly understood. PGC is normal in spontaneously hypertensive rats (SHR), but uninephrectomy leads to an increase in PGC and accelerated glomerulosclerosis. Since recent studies have implicated transforming growth factor-,1 (TGF-,31) and platelet-derived growth factor (PDGF) in the pathogenesis of glomerulosclerosis, we first sought to determine if uninephrectomy increased mRNA levels for TGF-j31 and PDGF in glomeruli of SHR. Since treatment with the angiotensin-converting enzyme (ACE) inhibitor enalapril lowers PGC and prevents glomerulosclerosis in uninephrectomized SHR, we also sought to determine if ACE inhibitor lowered mRNA levels for TGF-31 and PDGF in the glomeruli of uninephrectomized SHR. PGC increased from 53+1 to 64+1 mm Hg 1 week after uninephrectomy in SHR (P<.05). The increase in PGC was associated with a sixfold rise in mRNA levels for TGF-f31 and a twofold ri4e in mRNA levels for PDGF in glomeruli. mRNA levels for PDGF returned to normal 2 weeks after nephrectomy, but the increase in mRNA levels for TGF-p1 was sustained. An increase in TGF-/l immunostaining was detectable in glomeruli 4 weeks after nephrectomy. Treatment with ACE inhibitor normalized PGC (51±1 mm Hg) and prevented the rise in glomerular mRNA levels for TGF-f31 and PDGF. We conclude that an acute increase in PGC leads to increased TGF-/81, fnd PDGF expression in the glomerulus, thus linking changes in PGC to cytokine gene expression. (Circ Res. 1994;75:844-8513.) Key Words * glomerulus * transforming growth factor platelet-derived growth factor icropuncture studies of renal-ablated rats and M l rats with experimental diabetes mellitus have shown that an increased single-nephron glomerular filtration rate is associated with progressive glomerular injury.1-3 The increase in single-nephron glomerular filtration is due to an increase in singlenephron plasma flow and an increase in transcapillary hydraulic pressure gradient (AP). Further studies showed that treatment with the angiotensin-converting enzyme inhibitor enalapril normalized AP and prevented glomerular injury in renal-ablated rats4,5 and diabetic rats6 while maintaining single-nephron plasma flow rate and hyperfiltration. Together, these observations led to the suggestion that an increase in AP was the critical hemodynamic determinant of glomerular injury, but the molecular mechanisms responsible for this association have not been fully elucidated.
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The cytokines transforming growth factor-a3l (TGFp1) and platelet-derived growth factor (PDGF) have been implicated in the development of glomerular injury.7,8 TGF-f, increases synthesis of extracellular matrix proteins, including collagen, laminin, and fibronectin,9-'3 by a variety of cells, and in vivo studies by Border and colleagues'4,15 have implicated TGF-f,l in the pathogenesis of glomerular injury in anti-thyl.l glomerulonephritis in the rat. PDGF expression transiently increases in the glomeruli of rats after renal ablation, and the increase precedes the development of glomer-ulosclerosis.'6 Taken together, these studies suggest that changes in cytokine expression may be important early events in the pathogenesis of immune and nonimmune glomerular injury.
Uninephrectomy in the spontaneously hypertensive rat (SHR) leads to the development of accelerated glomerulosclerosis in the remaining kidney, and micropuncture studies by Dworkin and colleagues4"17-'9 have shown that an increase in AP or glomerular capillary hypertension precedes glomerular injury. Treatment with the angiotensin-converting enzyme inhibitor enalapril lowers glomerular capillary pressure and preve-nts the development of glomerulosclerosis.4 Accordingly, we first sought to determine whether acute glomerular capillary hypertension was associated with an increase in TGF-p1 and PDGF expression in the glomeruli of uninephrectomized SHR. To link changes in TGF831
and PDGF expression to the subsequent development of injury, we further sought to determine if enalapril treatment would alter TGF-f31 and PDGF expression in the glomeruli of uninephrectomized SHR.
Materials and Methods Animal Model
Twelve to 14-week-old male SHR were used in all of the experimental protocols (Harlan Bioproducts for Science, Inc, Indianapolis, Ind). Awake systolic blood pressure (SBP) was measured by the tail-cuff method, and SHR were randomly assigned to undergo either a right nephrectomy or a sham nephrectomy under Brietal anesthesia (50 mg/kg IP).
For Northern blot analysis, nephrectomized SHR (SHTRUnix) were divided into two groups. A first group (n=4) was anesthetized with Brietal (50 mg/kg) 1 week after uninephrectomy, and the kidneys were rapidly removed and pooled for glomerular isolation and extraction of RNA. A second group of nephrectomized SHR (n=4) was anesthetized with Brietal (50 mg/kg) 2 weeks after uninephrectomy, and the kidneys were removed and pooled for glomerular isolation and extraction of RNA. A third group of sham-operated SHR (n=4) served as the control group. All animals had unrestricted access to water and chow (Purina rat chow).
For semiquantitative reverse transcriptase (RT)-polymerase chain reaction (PCR) analysis, separate groups of SHRUnix were divided into three groups. A first group (n=5) received no treatment. One week after uninephrectomy, the kidneys were removed and pooled for glomerular isolation and extraction of RNA. A second group of SHR-Unix (n=5) received the angiotensin-converting enzyme inhibitor enalapril (75 mg/L) in the drinking water (Merck Sharp & Dohme). One week after uninephrectomy, the kidneys were removed and pooled for glomerular isolation and extraction of RNA. A third group (n=3) also received no treatment. Four weeks after uninephrectomy, the kidneys were rapidly removed and pooled for glomerular isolation and extraction of RNA. Renal cortical tissue was also snap-frozen from this group for immunobistochemical analysis (n=3). A fourth group of shamoperated SHR (n=5) served as the control group. Renal cortical tissue from this group was also snap-frozen for immunohistochemical analysis (n=3). All animals had unrestricted access to water and chow (Purina rat chow).
Micropuncture studies were performed in sham-operated SHR, untreated SHR-Unix, and enalapril-treated SHR-Unix 1 week after surgery (n=6).
Micropuncture Studies
Rats were anesthetized with Inactin (100 mg/kg IP) and placed on a temperature-regulated micropuncture table.
PE-50 tubing was inserted into the left femoral artery and used to monitor mean arterial pressure and to obtain arterial blood samples. The mean arterial pressure was monitored continuously with an electronic transducer connected to a dual-channel direct-writing recorder. After tracheostomy, PE-50 catheters were introduced into the right and left internal jugular veins for infusion of rat plasma, saline, and inilin. A PE-10 catheter was inserted into the left ureter. After insertion of the jugular catheters, 1% body weight plasma was infused over 35 to 45 minutes, followed by a plasma infusion of O.50 mIJh.20 Saline was infused at a rate of 2.0 mL/h. A continuous-recording servo-null micropipette transducer system (model V, Instrumentation for Physiology and Medicine) was used to obtain time-averaged hydraulic pressures in surface proximal tubules after blockade with an oil droplet and free-flowing proximal tubules. Hydraulic output from the servo-null system was transmitted to the second channel of the direct-writing recorder by means of a pressure transducer.
Glomerular Isolation
Rats were anesthetized with Brietal (50 mg/kg IP), and the kidneys were rapidly removed. Perirenal fat was trimmed off, the capsule was removed, and the cortex was separated from the medulla. The cortical tissue was placed in ice-cold phosphate-buffered saline (PBS) buffer (pH 7.4) and cut into 2-mm3 pieces, and glomeruli were isolated by the technique of differential sieving. The tissue was first passed through a 250-1Lm sieve and resuspended in ice-cold PBS before centrifugation at 2000 rpm for 10 minutes at 4°C. The pellet was resuspended in ice-cold PBS (pH 7.4) and drawn up through a 20-gauge needle, discharged three times, and then centrifuged at 2000 rpm for 10 minutes at 4°C. The tissue pellet was resuspended in ice-cold PBS (pH 7.4) and passed through a 106-ltm sieve and then a 72-gm sieve. Glomeruli were collected on the 75-gm screen and finally resuspended in ice-cold PBS (pH 7.4). All solutions were treated with diethylpyrocarbonate (DEPC). The purity of the final suspension was determined by light microscopic examination. On average, there were fewer than five tubular fragments per 100 glomeruli. These suspensions of glomeruli were then used for RNA isolation. Northern Blot Analysis
RNA Isolation
The effect of increased glomerular capillary pressure on steady-state levels of mRNA for TGF-/1 and PDGF-B chain in glomeruli of SHR-Unix was first determined by Northern blot analysis. A representative Northern blot analysis of TGF-f31 mRNA levels is illustrated in Fig 2, left. A representative Northern blot analysis of PDGF-B chain mRNA levels is illustrated in One week after uninephrectomy, there was a sixfold increase in mRNA levels for TGF-f1 in the glomeruli of uninephrectomized SHR compared with the glomeruli of shamoperated SHR. The increase in TGF-j1 mRNA levels was also evident 2 weeks after uninephrectomy. For this analysis, the glomeruli from four animals were pooled for RNA extraction. Thus, the densitometry ratio for each group represents a mean value obtained from four animals.
The ratios of the densitometry measures of glomerular PDGF-B chain mRNA levels and GAPDH mRNA levels are shown in Fig 4. One week after uninephrectomy, there was a twofold increase in mRNA levels for PDGF-B chain in the glomeruli of uninephrectomized SHR compared with the glomeruli of sham-operated SHR. In contrast to the observation for TGF-f1, the increase in PDGF-B chain mRNA levels was not sustained. Two weeks after nephrectomy, steady-state levels of mRNA for PDGF-B chain normalized. For this analysis, the glomeruli from four animals were pooled for RNA extraction. Thus, the densitometry ratio for each group The first goal of the present study was to determine if an increase in glomerular capillary pressure led to an increase in mRNA levels for PDGF and TGF-f31 in glomeruli.
We found that uninephrectomy in hypertensive SHR led to an acute elevation in glomerular capillary hydrostatic pressure so that AP rose from 41±1 to 53±1 mm Hg. The increase in AP was accompanied by significant increases in glomerular mRNA levels for both TGF-f31 and PDGF-A and -B chains. When the rise in AP was prevented by treatment with the angiotensinconverting enzyme inhibitor enalapril, the rise in both TGF-,B1 and PDGF mRNA levels was prevented. This is the first demonstration of an association between glomerular capillary hypertension and cytokine expression by the glomerulus in vivo. Since Dworkin and cowork- ers4 '17 have shown that the increase in glomerular capillary hydrostatic pressure that follows uninephrectomy in the SHR is associated with the development of proteinuria and progressive glomerulosclerosis '7 and maneuvers that lower AP, like treatment with enalapril, * i -s.
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-A- pression could lead to an increase in extracellular matrix protein production, thus linking glomerular capillary hypertension and glomerulosclerosis. The relation between mechanical stress and extracellular matrix protein production has also been studied in vitro. In 1976, Leung et a134 reported that cyclical stretching of vascular smooth muscle cells increased collagen and proteoglycan synthesis fourfold. More recently, Riser et a135 extended these observations by showing that cyclic stretching of cultured mesangial cells led to the increased synthesis of a number of extracellular matrix proteins, including type IV collagen, type I collagen, laminin, and fibronectin. Increased extracellular matrix protein synthesis was dependent on the degree of cell stretch, and the authors postulated that these mechanisms might be responsible for glomerulosclerosis. This group has gone on to show that cyclical stretching of mesangial cells also increases TGF-fl, production in vitro. 36 The results of the present study suggest that this mechanism may also occur in vivo.
The mechanism(s) by which mechanical stretch or increased glomerular AP might lead to an increase in TGF-f3, expression by cells of the glomerular capillary tuft are unknown, but the TGF-f3, promoter has a 12-0-tetradecanoylphorbol-13-acetate-responsive site. 37 In vitro, protein kinase C (PKC) activity increases in mesangial cells exposed to cyclical stretching.38 Therefore, it is tempting to speculate that stretch-mediated increases in PKC activity in mesangial cells might in- They found that angiotensin II increased TGF-j3l expression by mesangial cells in culture and led to an increase in the synthesis of the extracellular matrix proteins, fibronectin, and type I collagen. Angiotensin II blockade prevented all of these changes, and coincubation with TGF-pl-neutralizing antibodies prevented the rise in extracellular matrix synthesis. Of particular note, angiotensin II also led to an increase in the conversion of latent to active TGF-f31. Finally, Kagami et al showed that angiotensin II infusion into normal rats also increased TGF-fl, and collagen type I mRNA levels in glomeruli. In the context of these studies, it is possible that glomerular capillary hypertension in the uninephrectomized SHR could have led to an increase in glomerular angiotensin II activity and that this effect is responsible for an increase in TGF-fil expression and bioactivity. We did not determine the effect of glomerular capillary hypertension on expression of the components of the renin-angiotensin system in the uninephrectomized SHR, so further studies will be necessary to address this hypothesis.
Previous studies have shown that mRNA levels for TGE-fl do not always correlate with protein levels.45 Therefore, the second major goal of the present study was to test the hypothesis that TOF-fl8 immunostaining would increase in glomeruli along with the increase in mRNA levels after the development of glomerular capillary hypertension. Four 
